Introduction
Thermoelectric (TE) materials with unexceptionable transport properties have recently been a subject of continuous interest and attention [1] [2] [3] . The performance of TE materials is generally characterized by the dimensionless figure-of-merit [4, 5] :
where S, σ, T, and κ represent the Seebeck coefficient, electrical conductivity, absolute temperature, and total thermal conductivity, respectively. The S 2 σ is defined as the power factor. Skutterudite compounds have traditionally been known as the "phonon-glass and electron-crystal" (PGEC) concept that was introduced by Slack et al. [6] in 1995, in which the thermoelectric material has both a crystalline structure to ensure good electron transportation and a glass structure to reduce thermal conduction by enhancing phonon scattering. Although pure CoSb 3 does not exhibit excellent * E-mail: maha@jlu.edu.cn thermoelectric performance because of the higher thermal conductivity, skutterudite compounds are expected to be the most promising TE materials due to numerous possibilities for modifications of thermoelectric properties, through substituting and/or filling of structural voids [7] . For example, Te substitution for Sb [8] , Fe substitution for Co [9] , and rare earth metals filling CoSb 3 [10] have been extensively researched to reduce thermal conductivity.
Compared with other methods, high pressure and high temperature (HPHT) method is a prospective synthesis technique for thermoelectric materials fabrication [11] . HPHT method has many advantages, such as the ability to tune rapidly, typically without introducing disorder. In addition, the synthesis time is shortened greatly to around half an hour. The method has been successfully applied to synthesize various thermoelectric materials [12] .
In this article, Ni 0.15 Co 3.85 Sb 12 [13] 12 . The raw materials were homogeneously mixed in a glove box in the nitrogen gas atmosphere to avoid oxidation of cobalt element. The mixtures were cold-pressed into bulk disks (Φ = 10 mm × 3.5 mm) as precursors for HPHT synthesis. Then, the cylindrical disk was subjected to HPHT conditions for 25 min in a China-type large volume cubic high-pressure apparatus (CHPA) (SPD-6×1200). The synthesis temperature (900 K to 920 K) was measured using a Pt-Rh 30 % Pt-Rh 6% B-type thermocouple, which was embedded near the sample. The synthesized samples were cut and polished for thermoelectric properties measurement.
The phase composition was characterized by X-ray diffraction (XRD) (D/MAX-RA) using CuKα (λ = 1.5418 Å) radiation in the 2θ range of 20°to 80°. The microstructures of the synthesized samples were examined by the field emission scanning electron microscopes (JEOL, JSM-6700F) and high-resolution transmission electron microscopy (JEOL, JEM-2200FS). The Seebeck coefficient and electrical resistivity were measured from 300 K to 700 K with a commercial equipment ZEM-3 (Ulvac-Riko). The thermal diffusivity λ was directly measured by the laser flash method with a commercial system (Netzsch LFA-427). The specific heat C P measurement by DSC method was carried out using Linseis STA PT-1750 equipment with the standard sample (sapphire). The volume density d was measured by the Archimedes method. The total thermal conductivity κ was calculated as:
where λ, C p , and d represent thermal diffusivity coefficient, specific heat capacity, and volume density, respectively.
Results and discussion

XRD spectra and optical images
The crystallographic structure of the synthesized samples can be identified by XRD patterns. From Fig. 1 From  Fig. 2 , we can see that typical granulated grains with the size of the order of micrometers are tightly condensed. Particle morphology implies the isotropic crystal growth due to its cubic lattice structure. In addition, the grain boundaries of the samples are distinctly obvious. This is helpful in strengthening the phonon scattering, resulting eventually in the decrease of the lattice thermal conductivity [15] . The FESEM images also show that the average crystal particle size of Fe 0. Fig. 3a shows lattice deformations embedded inside the matrix, which is attributed to squeezing and twisting by stress. From Fig. 3b , we can see that the numerous lattice distortions, fringes, and defects exist in our samples, which is mainly caused by Fe substituting for Co on the basis of Ni 0.15 Co 3.85 Sb 12 [16] . We assume that the typical microstructures can enhance the phonon scattering, which further decreases the thermal conductivity to some degree [17] . 
Thermoelectric properties
The temperature dependence of the Seebeck coefficient is presented in Fig. 4a 12 at the whole measured temperature range, which is possibly attributed to the increased carrier concentration after Fe substituting for Co [18] . The relationship between the electrical resistivity and temperature is presented in Fig. 4b 12 sample decreases with increasing temperature, which is in agreement with the result presented in the literature [19] .
Power factor (PF) is calculated from the measured Seebeck coefficient and electrical resistivity according to the following formula:
As shown in Fig. 4c The relationship between thermal conductivity and temperature is plotted in Fig. 4d . The thermal conductivities of both the samples decrease with the increasing temperature in the range of 300 K to 600 K. The minimum thermal conductivity values of Ni 0.15 Co 3.85 Sb 12 and Fe 0.2 Ni 0.15 Co 3.65 are 2.9 W·m −1 ·K −2 at 600 K and 2.8 W·m −1 ·K −2 at 700 K respectively, which can result from the intensified phonon scattering with temperature increase [20] . From Fig. 4d , 12 is promising for high-performance Co-substituted skutterudite thermoelectric materials. Therefore, the significantly enhanced zT values of Co-substituted skutterudite are advantageous for the development of high-quality thermoelectric materials by HPHT method [22] .
